Introduction
Na-ion batteries (NIBs) are inexpensive and sustainable alternatives to Li-ion batteries (LIBs). In recent years, a signicant research effort has been devoted to nding high performance Na electrode materials and electrolytes. In particular, a number of studies have focused on sodium transition metal oxides (Na x TMO 2 , TM ¼ transition metal) as cathode materials due to their high volumetric capacities, yielding volumetric energy densities comparable to current commercial LIBs.
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Layered oxides based on the P2 structure, in Delmas et al.'s nomenclature system 9 (where 'P' indicates prismatic Na, and '2', AB BA oxygen layer stacking), are promising NIB cathodes with a high Na-ion conductivity. TMO 2 layer glides can occur upon electrochemical Na extraction, leading to phase transitions at high voltage. [2] [3] [4] [10] [11] [12] [13] [14] [15] Starting from a P2 phase, layer shearing leads to the formation of O2-type layers (AB CB stacking) with Na + ions in octahedral environments and reduced Na + mobility. 3 Preventing this layer shearing has therefore been proposed to be important for improving capacity retention, rate performance, and cycle life for P2-Na x TMO 2 cathodes.
Previous work on the P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 cathode showed that the 2 : 1 Mn : Ni ratio leads to honeycomb ordering on the TM lattice, 3 as shown in Fig. 1 . All Na + ions can be extracted upon rst charge, leading to a high initial reversible capacity of 161 mA h g À1 at a cycling rate of 5 mA g
À1
, close to the theoretical value of 173 mA h g À1 based on the Ni 2+ /Ni 4+ redox reaction. 2, 3 Mn was found to be electrochemically-inactive, remaining in its tetravalent state throughout. However, the rapid performance degradation of this material has motivated several groups to investigate low levels of Ni substitution by an electrochemically inactive species, such as Mg 16, 17 or Li, 18 to develop materials with improved performance. The present work builds upon a previous report on the Li- 19 and investigates the role of Li doping, comparing the structural processes taking place upon cycling in undoped P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 and Li-doped P2-Na 0. 8 Li 0.12 Ni 0. 22 Mn 0.66 O 2 . The electrochemical performances of the two cathode materials of interest to this study are compared in Fig. 2 . We note that electrochemical data are shown here for reference only, and the reader is referred to previous studies by Lu et al., 2 Lee et al., 3 and Xu et al. 19 for more detailed accounts of the electrochemical properties of these materials. Rate performance ( Fig. 2b ) and capacity retention (Fig. 2c ) of the unsubstituted material are limited by a P2 to O2 phase transition above 4.2 V (as seen by the plateau in this voltage window), and by various Na + ion/vacancy ordering transitions evidenced by voltage steps at 3.5 V and 4.0 V (Fig. 2a) . 2, 3 Both Mg 16,17 and Li 18, 19 substitution for Ni in the honeycomb ordered P2-Na 2/3 Ni 1/3 -Mn 2/3 O 2 structure (see Fig. 1 ) lead to a smoother voltage prole ( Fig. 2a) , no (apparent) structural transformation to the O2 phase (as probed by X-ray diffraction), higher rate performance (Fig. 2b) , and improved long-term cyclability (Fig. 2d) . Further insight into the composition-structure-property relationship for the Li-substituted phases, to identify the origins of this improved performance, is the purpose of this study. As a local probe technique, solid-state nuclear magnetic resonance (ssNMR) is ideally suited for the investigation of highly disordered phases formed upon electrochemical cycling of battery materials. 1, 20 Here, it is used to monitor variations in the local structure and changes in the oxidation state of the electrochemically-active Ni species. 3, 19 Specically, this work builds upon our recent study investigating the role of Li doping in the P2-Na 0. 8 Li 0.12 Ni 0. 22 Mn 0.66 O 2 cathode. 19 In this earlier study, the assignment of 7 Li ssNMR data was based on previous reports on related lithium-containing cathode materials.
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Here we go further, monitoring electronic processes and changes in the Na and Li local environments as a function of charge and discharge in P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 and Li-doped P2-Na 0. 8 Li 0.12 Ni 0. 22 Mn 0.66 O 2 , using a combination of ssNMR and rst principles NMR calculations. We nd that ssNMR provides insight into Na/Li-ion motion within and between the layers at different stages of (dis)charge and into the high voltage structural processes occurring in P2-Na x [Li y Ni z Mn 1ÀyÀz ]O 2 compounds. First principles calculations of 7 Li NMR parameters, using the methodology developed in our group, 20, [24] [25] [26] allow us to rene our previous assignments of P2-Na x Li 0.12 Ni 0.22 Mn 0.66 O 2 spectra. 19 In turn, the comprehensive assignment of the Li data conrms that there are only few TMO 2 layer shis in the Li-doped compound at high voltage, which are reversible upon electrochemical cycling. Given that very few reports exist on the 23 Na NMR of electrochemically-cycled sodium transition metal oxides (none on Ni-and Mn-containing oxides), 11, 27 rst principles calculations of 23 Na NMR parameters are particularly valuable for the interpretation of the experimental data. Although two Na crystallographic environments are present in the P2 layers, a single 23 Na NMR signal is observed. The shi of this resonance is in-between those computed for edge-and facecentered prismatic sites in the material, indicating that Na-ion motion between sites in the P2 layers is faster than the NMR timescale and results in an average signal.
Lu and Dahn demonstrated that water intercalation does not take place in as-prepared P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 ;
28 on the other hand several reports have shown that partially desodiated Ptype Na x TMO 2 phases (x # 0.35) become highly hygroscopic. 3, 29 Here, low frequency Na and Li signals observed at high voltage are ascribed to local environments formed upon water intercalation in the interlayer space. This interpretation is in contrast with a very recent 23 Na NMR study by Yang and coworkers on P2-Na 2/3 Ni 1/3Àx Zn x Mn 2/3 O 2 (x ¼ 0, 0.07) compounds, 30 as will be further discussed later. Finally, a comparison of the NMR data obtained for the undoped and Li-doped compounds provides insight into the effect of Li substitution on the high voltage structural processes occurring in P2-Na x [Li y Ni z Mn 1ÀyÀz ]O 2 cathode materials.
Experimental and methodology

Materials preparation
The Na 2/3 Ni 1/3 Mn 2/3 O 2 material was synthesized by coprecipitation. Stoichiometric amounts of the precursors, Mn(NO 3 )$4H 2 O and Ni(NO 3 )$6H 2 O, were dissolved in deionized water. The transition metal nitrate solutions were titrated into a stoichiometric NaOH solution using a peristaltic pump at 10 ml h À1 rate. The solution was stirred slowly to insure homogeneity. The co-precipitated solid M(OH) 2 phase was centrifuged and washed three times with deionized water. The co-precipitated material was dried in the oven to remove excess water and was ground with a stoichiometric amount of Na 2 CO 3 . The material was precalcined at 500 C for 5 h and calcined in pellet form at 900 C for 14 h in a 50 ml porcelain crucible. The synthesis protocol for the P2-Na 0.8 Li 0.12 Ni 0.22 Mn 0.66 O 2 material was described in our previous study. 
Preparation of electrochemically-cycled samples
The slurry was made by mixing 80 wt% of active material (based on the total mass of the P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 composite), 10 wt% of polyvinylidene uoride (PVDF), and 10 wt% acetylene carbon black in n-methyl-2-pyrrolidone. The slurry was cast on aluminum foil and dried in a vacuum oven at 80 C. The electrodes were assembled in 2032 coin cells using GF/F (Whatman) glass ber lter as the separator, 1 M NaPF 6 in propylene carbonate (PC) as electrolyte, and sodium metal was used as the counter electrode. Battery assembly was carried out in an MBraun glovebox (H 2 O < 0.1 ppm). Galvanostatic discharge and charge were performed using an Arbin BT2000 battery cycler at C/10 rate. To prepare the electrodes for ex situ ssNMR and XRD, the cycled batteries were disassembled in an Ar-lled glovebox. The electrodes were washed with battery grade dimethyl carbonate (DMC) three times and dried at room temperature in the glovebox. The material was stripped off the aluminum current collectors and placed in small vials. The vials were sealed in an aluminum pouch lled with argon (99.9999% pure) to avoid air contamination. The preparation of P2-Na x Li 0.12 -Ni 0.22 Mn 0.66 O 2 and electrochemically-desodiated samples was described in our previous study. 19 Briey, electrodes were prepared by mixing 85 wt% of active material, 5 wt% polytetrauoroethylene (PTFE), and 10 wt% acetylene carbon black. 1 M NaPF 6 dissolved in a 2 : 1 mixture of battery grade diethyl carbonate (DEC) and ethylene carbonate (EC) was used as the electrolyte, and sodium metal was used as the counter electrode. The cells were cycled at a rate of C/10.
Ex situ X-ray diffraction (XRD)
The cycled cathode samples were mounted on an XRD sample holder and sealed with polyimide (Kapton) tape. XRD patterns 2 ) relaxation times were obtained from an exponential t of the decay of the signal intensity obtained as the echo delay was increased in an NMR spin echo pulse sequence, using an in-house MATLAB code written by Prof. Andrew Pell. The 23 Na spectra presented in this paper are scaled according to the total Na content (x Na ) in each sample determined from the observed capacity of the different ex situ cells. 7 Li and 23 Na, with spin I ¼ 3/2, are quadrupolar nuclei. The quadrupolar interaction strength is proportional to the quadrupole moment of the NMR nucleus and the electric eld gradient (EFG) at the nucleus. In Na x [Li y Ni z Mn 1ÀyÀz ]O 2 compounds, paramagnetic (or hyperne) interactions take place between the nucleus under observation and unpaired electrons notionally resident on nearby transition metal (TM) species. Through-space hyperne dipolar coupling is only partially averaged out by fast sample spinning at the magic angle (MAS) and contributes to the intensity of the spinning sidebands. For 7 Li, the quadrupole moment is small and hyperne interactions are dominant. 25 The isotropic hyperne (Fermi contact) shi results from unpaired spin density transfer from the TM d orbitals to the Na nucleus, either directly (through-space) or via an intervening p orbital on O (throughbond). When the magnetic susceptibility tensor is anisotropic, the through-space electron-nuclear dipolar interaction gives rise to a small pseudo-contact shi. Here, the Fermi contact contribution is large and the pseudo-contact term can be neglected. 20 The overall 7 Li shi is approximated to the Fermi contact shi:
Quadrupolar interactions are signicant for 23 Na and the second-order term leads to a quadrupolar-induced shi (d QIS ). The experimental 23 Na shi (d exp ) is the sum of the eld-independent isotropic shi (d iso ) and of the eld-dependent d QIS :
In this work, hyperne and quadrupolar NMR parameters were calculated from rst principles in a number of structures, as described below. 34, 35 and two spin-polarized exchange-correlation functionals based upon the B3LYP form, [36] [37] [38] [39] with Fock exchange weights of F 0 ¼ 20% (H20) and 35% (H35), were applied. Full details of the DFT calculations, including the basis sets and numerical parameters used, are presented in the ESI. †
Computation of magnetic scaling factors F(T)
The method adopted here to compare the NMR parameters obtained from rst principles with the experimental NMR data was described in a previous study 25 and is further discussed in the ESI. † Briey, rst principles 7 Li and 23 Na Fermi contact shis are obtained on ferromagnetic cells (all Ni and Mn spins co-aligned), corresponding to the saturated magnetic moment M sat,i . The computed shis are subsequently scaled to a value consistent with the magnetic state of the system at the temperature of the NMR experiments, using a magnetic scaling factor of the form:
where hM i (T exp )i is the temperature-dependent average magnetic moment evaluated at the sample experimental temperature, T exp . T exp is set to 320 K to account for frictional heating introduced by fast rotation of the NMR rotor (60 kHz).
Magnetic moments for the various Ni and Mn site types in honeycomb ordered P2-Na 
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The present version of the code will be the subject of a separate publication. The code implements an Ising spin magnetic model with Hamiltonian presented in eqn (S4) in the ESI. † Sitespecic scaling factors obtained at 320 K and an external magnetic eld of 4.7 T for Na Table S3a -c in the ESI. † For comparison, a bulk value was determined from the experimental magnetic susceptibility data obtained for P2-Na 2/3 -Ni 1/3 Mn 2/3 O 2 , as discussed in the ESI. † The eld cooled DC magnetic susceptibility data was acquired on a commercial magnetic property measurement system (MPMS) over the temperature range 2 to 350 K and at an external eld of 1000 Oe. Fig. 3 . The overlapping resonances in the spectrum observed upon Na reinsertion at 2.3 V discharge have similar shis to those observed in the pristine sample, indicating reversibility in the sodiation process. As mentioned in the experimental section, the overall 23 Na shi is the sum of a large isotropic hyperne (paramagnetic) term, the Fermi contact shi, and a smaller second-order quadrupolar contribution (see eqn (2) For these and all subsequent NMR spectra, the electrochemical curve is shown on the left hand side, the colored dots indicating the points at which the cells were stopped and the cathode material was extracted for ex situ NMR measurements. Spinning sidebands are indicated by an asterisk, the 0 ppm peaks are due to impurity phases containing diamagnetic environments (most likely electrolyte decomposition products or residual Na 2 CO 3 starting material). All spectra were collected on samples obtained from a single batch of P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 , except for the x Na ¼ 0.33 spectrum which was acquired on a sample from a different batch.
Results and discussion
ground state Na + ion/vacancy arrangement obtained from DFT+U calculations, 3 resulting in a 1 : 3 occupation ratio of face-to edge-centered prismatic (P(2b) to P(2d), respectively) sites. Previous paramagnetic NMR studies have shown that the total Fermi contact shi can be decomposed into individual bond pathway contributions (BPCs) from paramagnetic transition metals in a two-bond coordination shell around the nucleus under observation. 24, 26, 43, 44 The relevant TM-Na interactions, for Na in P(2d) and P(2b) sites, are depicted in Fig. 4a-c . The octahedral (O h ) Na environment present in the O2 structure is shown in Fig. 4d . M and M 0 denote metal ions nearest and next nearest to the central Na. The total 23 Na Fermi contact shi can be computed as the sum of all M-O-Na and M 0 -O-Na BPCs.
First principles NMR parameters, for the different Na environments depicted in Fig. 4 , are presented in Table 1 . Starting with P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 , the calculated isotropic shis (d iso ) for type 1 (Fig. 4b ) and type 2 ( Fig. 4c ) P(2b) sites fall between ca. 591 and 932 ppm, while h Q and C Q values of 0.1 and 2.9-3.8 MHz, respectively, are obtained. A much larger isotropic shi, in the range 2164-2305 ppm, and h Q and C Q values of 0.8 and 5.1 MHz, are computed for the P(2d) site (Fig. 4a) . The range of computed shis is much larger than the linewidth seen experimentally. In O2-Na 2/3 Ni 1/3 Mn 2/3 O 2 , Na + ions in O h sites are half edge-sharing and half face-sharing with the adjacent metal layers (Fig. 4d) , and the isotropic shi, in the range 1401-1589 ppm, is approximately halfway between the shis of P(2b) and P(2d) Na in the P2 structure. 23 Na ssNMR data collected on the as-synthesized material. In P2-Na x TMO 2 compounds, both P(2b) and P(2d) sublattices must be occupied in order to minimize inplane Na + -Na + electrostatic repulsions. P(2b) sites have a larger Na + -TM n+ electrostatic energy penalty and are usually more sparsely populated than P(2d) sites. 3 While various Na local environments are expected with very different hyperne shis, NMR studies on this family of materials have consistently reported a single NMR resonance in the 23 Na spectrum albeit at a different shi for all the materials that have been studied to date. 11, 17, 19, 30, 45, 46 Consistent with these earlier reports, the 23 Na NMR spectrum of as-synthesized P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 acquired at 4.7 T exhibits a single 23 Na resonance (see Fig. 3 ). A spectrum acquired on the same sample at an external magnetic eld of 16.44 T is shown in Fig. S1 of the ESI. † The higher magnetic eld leads to a greater separation of the resonant frequencies of the different Na sites in the material, and two signals with isotropic shis of 1511 and 1422 ppm can now be distinguished. These experimental shis are in-between those computed for P(2b) and P(2d) sites in the structure (see Table 1 ).
Interpretation of the
As discussed in more detail in the ESI, † the major Na peak in the 16.44 T spectrum is assigned to an average signal due to fast Na + ion exchange relative to the NMR timescale between P(2d) and P(2b) sites in the P2 layers. Collapse of the P(2b) and P(2d) NMR signals into a single resonance is indicative of Na + ion motion on a timescale that is faster than the largest frequency separation (Dn) between the resonances. Based on the frequency difference between the average P(2b) and P(2d) 23 Na NMR shis computed from rst principles, Dn z 1400 ppm z 260 kHz at an external eld of 16.44 T, Na + ion exchange between the different sites occurs at a rate k . pDn ffiffiffi 2 p z 578 kHz. 47 Assuming that long-range Na diffusion results from uncorrelated in-plane Na + ion hops between adjacent P(2b) and P(2d) sites, the diffusion coefficient is estimated from the Einstein-Smo-
, where l is the minimum distance between 2b and 2d sites, taken as 1.336Å from the experimental structure determined by Lee et al. 3 We obtain a coefficient D Na $ 5 Â 10 À11 cm 2 s
À1
, lower than the diffusion coefficient determined from a previous GITT measurement, 3 around 2 Â 10 À9 cm 2 s À1 . However, since nearest neighbor P(2b) and P(2d) sites are never simultaneously occupied in P2-type structures, a more appropriate l distance would be the shortest distance between two occupied 2b or 2d sites in the structure (3.336Å from Lee et al.) . Using this number, a diffusion coefficient of 1. Table 1 ) and is therefore assigned to Na in O h environments in O2-type layers. The integrated intensities of the two signals, scaled by a transverse relaxation factor accounting for the loss of NMR signal intensity over the signal acquisition time (transverse relaxation times of 160 AE 7 ms and 89 AE 13 ms were obtained for the P2 and O2 Na environments, respectively), suggest ca. 10% of Na in O2-type layers. Hence, a small number of O2 stacking faults are present in the majority P2 phase. At 4.7 T, the smaller frequency separation between the average P2 Na signal and the resonant frequency of Na + ions in O2-type layers leads to signal overlap, yielding a single broad peak in the spectrum shown in Fig. 3 Table 2 are in good agreement with those presented in Table 1 (despite differences in the scaling factors used; see ESI †). The relative occupation of the different sites in assynthesized P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 can be inferred by comparing the average isotropic P2 shi obtained from a t of the experimental data (d iso ¼ 1511 ppm) to the rst principles isotropic shis computed for P(2b) and P(2d) environments. We note that, given the large ranges of shis predicted using the H20 and H35 functionals, this method can only yield an approximate occupation ratio. Yet, if the BPCs calculated with the H35 functional (lower shi limit in Table 2 ) are employed, a 1 : 1.5 occupation ratio of P(2b) : P(2d) sites is determined, in relatively good agreement with the approximately 1 : 1.7 ratio obtained previously from Rietveld renements of X-ray diffraction (XRD) data on this material. Table S3a in the ESI, which accounts for residual magnetic couplings between transition metal ions, even in the paramagnetic state, obtained as a weighted average over all metal sites in the P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 structure, was used to calculate the overall 23 Na hyperfine shifts calculated with both functionals at a sample temperature T of 320 K. P(2b) and P(2d) prismatic sites are present in the P2 structure, and O h sites in the O2 structure. Type 1 and type 2 P(2b) sites have different Ni/Mn coordination shells. All Na environments are presented in Fig. 4 . In this and all subsequent tables the isotropic shift (d iso , in ppm), dipolar anisotropy -O-Na bond pathway contributions (BPCs) to the 23 Na Fermi contact shift computed in the optimized P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 (a hex z b hex z 2.84Å, c ¼ 10.94Å) and P2-Na 1/3 Ni 1/3 Mn 2/3 O 2 (a hex z b hex z 2.83Å, c ¼ 11.53Å) structures, using the H20 and H35 functionals. The BPCs determined in P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 and P2-Na 1/3 Ni 1/3 Mn 2/3 O 2 were scaled using the site-specific scaling factors shown in Table S3a and b in the ESI, † respectively.
The most signicant result obtained from Table 2 is that a decrease in the total Na isotropic shi is observed upon Ni 2+ to Ni 3+ oxidation for all sites in P2-Na x Ni 1/3 Mn 2/3 O 2 . This is consistent with the experimentally observed decrease in the frequency of the average 23 Na NMR peak position observed at the beginning of charge (see Fig. 3 ), the major Na environment shiing from 1511 ppm (x Na ¼ 2/3) to 1030 ppm (x Na ¼ 1/3) on charging to 4.1 V. The origin of the 400 ppm peak observed at 3.7 V charge is discussed in the next section. First principles calculations indicate that the main Na peak can be assigned to an average signal due to rapid Na + ion motion between sites in the P2 layers (see Tables 1 and 2 ). Hence, despite the high propensity for Na + ion/vacancy ordering at x Na ¼ 1/2 and x Na ¼ 1/3, as suggested by rst principles calculations and by the voltage steps at 3.5 and 4.0 V, 3 Na + ion mobility occurs faster than the NMR timescale at least up to 4.1 V at 320 K. This result is consistent with high Na + diffusion rates of the order of 7 Â 10 À9 to 1 Â 10 À10 cm 2 s À1 obtained previously from GITT measurements over the range 2/3 $ x Na $ 1/3. 3 Fits of the major Na resonance in the x Na ¼ 0.52, 0.36 and 0.33 spectra yield isotropic shis at 1370, 1160, and 1030 ppm, respectively, and quadrupolar constants in the range 3.1-3.4 MHz. These parameters suggest that P(2d) and P(2b) sites are approximately equally populated between 3.4 and 4.1 V charge at 320 K, in good agreement with previous XRD data. 3 Comparing with the 1 : 1.5 P(2b) : P(2d) occupation ratio determined for the asprepared material, the present NMR data indicate that Na is extracted preferentially from edge-centered P(2d) sites at the beginning of charge.
Previous electrochemical and diffraction studies have suggested that the transition between the two Na + ion/vacancy orderings at x Na ¼ 1/3 and x Na ¼ 1/2 occurs via a single-phase process or via a two-phase process involving very similar phases. 2, 3 As shown in Fig. S2 in the ESI, † a good t to the NMR spectrum acquired on the x Na ¼ 0.41 sample discharged to 3.4 V can be obtained from a superposition of the major resonances observed at 3.4 and 3.7 V charge (at x Na ¼ 0.52 and 0.36, respectively). The material discharged to 3.4 V is presumably composed of a major phase similar to that obtained upon charge to 3.4 V (or of a large number of P2 layers with a Na content close to 0.52), as expected from the electrochemistry, and of a minor phase (or a small number of P2 layers) with a lower Na content. The electrochemical prole shown in Fig. 2a indicates the presence of two processes over the 3.4-3.7 V range on both charge and discharge, suggesting that the 3.4 V discharge sample is not a simple mixture of the x Na ¼ 0.52 and 0.36 phases.
3.1.4. High voltage structural processes revealed by 23 Na ssNMR. The long electrochemical plateau starting at ca. 4.1-4.2 V charge (Fig. 2a) has been assigned to a P2 to O2 phase transformation. 2, 3 This phase transition results from TMO 2 layer glides driven by an increase in the electrostatic repulsions between adjacent layers upon Na removal. P2 to O2 phase transitions, 2,3,10 the formation of O2-like stacking faults in a major P2 phase, 19 and P2 to OP4 phase transitions 4,11,50 have all been reported in a number of Na x TMO 2 layered compounds at high voltage. In P2-Na x Ni 1/3 Mn 2/3 O 2 , Lu and Dahn demonstrated using in situ XRD that the phase transition takes place via a two-phase reaction over the composition range 1/3 $ x Na $ 0.
2 All peaks in the in situ XRD patterns collected at 4.4 and 4.5 V charge could be assigned to a disordered O2-Ni 1/3 Mn 2/3 O 2 phase with a small interlayer spacing (c z 8.85-9Å), 2,3 as compared with that of the P2-Na 1/3 Ni 1/3 Mn 2/3 O 2 phase (c z 11.35Å).
2 More recently, the P2 to O2 transformation was directly observed with atomic level resolution by scanning electron microscopy (STEM), conrming the coexistence of the P2 and O2 phases at the microscale along the high voltage plateau. 16 23 Na NMR conrms the presence of residual Na + ions in the end-of-charge samples (see Fig. 3 ). The isotropic shi of the high voltage NMR signal, at ca. 250 ppm (with a shoulder at ca. 130 ppm), is much lower than the average P2 resonance at 1030 ppm in the x Na ¼ 1/3 spectrum. In fact, the BPCs shown in Fig. 5 rule out an assignment of the 250 ppm peak to P(2b) or P(2d) sites in P2 layers, or to O h sites in O2 layers, when the interlayer spacing c is z 11-11.5Å. Even if all Ni ions were present as diamagnetic Ni 4+ , the lowest possible shi, corresponding to that of a P(2b) type 2 environment, would still be of ca. 400 ppm. Two low frequency Na shis in the range of 270-350 ppm were observed at 4.7 T for a highly crystalline synthetic sample of triclinic Na birnessite, a layered manganese oxide with approximately 2/3 Mn 4+ and 1/3 Mn 3+ ions. 51 The two Na resonances were assigned to different local environments obtained a-Na 2/3 MnO 2 ), were ascribed to the large interlayer spacing c z 7Å (c z 14Å for an equivalent P2 phase), leading to fewer Na-O-Mn interactions and/or longer Mn-O bonds. In the case of Na birnessite, previous reports have shown that water molecules are intercalated. [52] [53] [54] The similarity of the Na shis observed for birnessite and for the partially deintercalated Na x Ni 1/3 Mn 2/3 O 2 phases suggests that the 250 ppm end-of-charge Na shi in the latter compounds results from the uptake of water within the P2 phase that remains, leading to an expansion of the interlayer space. In fact, a number of recent reports on related Na x TMO 2 compounds have shown that the intercalation of water in the interlayer space is facilitated by the presence of a large number of Na vacant sites, the water molecules occupying free Na sites and Here, although electrochemically-cycled samples were handled in an Ar-lled glovebox at all times, it is possible that the NMR rotors were not perfectly airtight, resulting in water intercalation in the interlayer space for the more hygroscopic high voltage phases. In fact, previous ex situ diffraction results also indicated the formation of a hydrated phase in this material at high voltage. 3 As shown in Fig. 3 , the intensity of the 250 ppm resonance increases between 4.1 and 4.5 V (between x Na ¼ 1/3 and 0), suggesting that the Na x Ni 1/3 Mn 2/3 O 2 material becomes increasingly hygroscopic upon Na extraction. The ca. 400 ppm shi observed for the x Na ¼ 0.36 sample may also be assigned to Na in hydrated P2 layers, the higher average Ni oxidation state leading to a larger total shi. The higher intensity of the 400 ppm signal at 3.7 V charge, as compared with the 250 ppm signal at 4.1 V charge, either indicates that Na is preferentially deintercalated from the expanded P2 layers over the 3.7-4.1 V potential range, or that water exposure was higher for this sample than for samples with x Na # 1/3. Lu and Dahn showed that, unlike as-prepared P2-Na 2/3 Co x Ni 1/3Àx Mn 2/3 O 2 , pristine P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 is not prone to hydration.
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Consistent with this, no low frequency Na signals are observed in the ssNMR spectra collected on the as-synthesized phase and for Na contents x Na $ 0.41.
Zhou et al. 56 showed that Li-ion motion on the timescale of ms to ms was a major source of fast transverse (T 0 2 ) NMR relaxation (short relaxation times) in lithium-containing paramagnetic cathodes. We recently demonstrated that 23 Na T 0 2 relaxation times could probe Na-ion motion in layered P2-Na xMg 1Ày Mn y O 2 compounds. 57 Here, the T 0 2 relaxation time (in the ms range) of the low frequency signal assigned to Na in hydrated P2 layers is longer than that of the average signal resulting from water-free P2 layers in Na 2/3 Ni 1/3 Mn 2/3 O 2 at intermediate stages of charge (T 0 2 ¼ 100 AE 8 ms for x Na ¼ 0.36; T 0 2 ¼ 243 AE 11 ms for x Na ¼ 1/3), which is consistent with more sluggish kinetics of Na + ions in the former layer type and suggests that intercalated water molecules hinder fast Na + ion diffusion.
In their recent 23 Na NMR work on P2-Na 2/3 Ni 1/3Àx Zn x Mn 2/3 O 2 (x ¼ 0, 0.07) compounds, Yang and co-workers 30 also reported a Na resonance at 230-240 ppm appearing at the end of charge.
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They speculated that this low frequency peak was indicative of a high voltage phase transformation to a Z phase different from the O2 phase reported to date, 2, 3, 16 and characterized by the presence of Ni ions in tetrahedral sites in the interlayer space. Yet, the authors did not provide any evidence for Ni migration or the formation of vacancies in the TM layers. The high voltage Z phase was rst introduced by Nazar and coworkers, who showed, using X-ray pair distribution analysis, that 12.5% of the TM ionsmainly Fe 3+ -migrated to tetrahedral sites in the interlayer space upon Na deintercalation from P2-Na Here, we directly compare the local structural changes observed upon cycling for P2-Na 0.8 Li 0.12 Ni 0.22 Mn 0.66 O 2 to those observed for P2-Na 2/3 Ni 1/3 -Mn 2/3 O 2 discussed earlier, probing both Na and Li environments with NMR, to gain further insight into the effect of Li substitution on the high voltage structural changes, and to rationalize the higher electrochemical performance of the Lidoped material. The NMR signal assigned to the P2 phase (indicated by a red asterisk) is clearly observed at 60 kHz MAS, yet the linebroadening of the individual peaks within the spinning sideband manifold increases with decreasing spinning speed, from 60 to 30 kHz. Previous NMR studies 60, 61 have shown that, in the presence of motion on an appropriate timescale, the MAS technique fails to suppress anisotropic interactions in the spin echo experiment, resulting in signicant broadening of the NMR lineshape. The data shown in Fig. 6 suggest that the MAS rate approaches the width of the NMR lines (i.e. the size of the anisotropy) as it is reduced from 60 to 30 kHz. At about 30 kHz MAS, Na-ion motion prevents refocusing of the anisotropic (paramagnetic and quadrupolar) interactions, resulting in a very broad, low intensity signal, conrming that the Na + ions are mobile in this sample. This result is signicant, as, although a few NMR studies on P2-Na x TMO 2 suggested that fast Na + ion diffusion in the interlayer space accounts for the unique Na resonance observed in the spectrum, 11, 17, 19, 30, 45, 46 this is the rst time that evidence is obtained for this phenomenon. Here, fast Na + ion motion is proven both experimentally, with the gradual broadening of the spectrum shown in Fig. 6 , and theoretically, since the unique Na resonances observed experimentally for assynthesized P2-Na Fig. 6 and 7 ) are in-between those computed for P(2b) and P(2d) Na sites (see Table 1 ). Fast Na + ion motion in the 2D planes explains the high rate performance of a number of P2-type Na x TMO 2 cathode materials. (Fig. 7) . We note that P2-Na 0.8 Li 0.12 Ni 0.22 Mn 0.66 O 2 exhibits good structural reversibility aer one cycle: the average P2 signal observed in the end-of-discharge Na spectrum is similar to that observed in the pristine spectrum. The progressive decrease in the average Na resonance upon charge is consistent with Ni oxidation. As discussed earlier for the Na 2/3 Ni 1/3 Mn 2/3 O 2 cathode, the 250 ppm end-ofcharge Na resonance is indicative of water intercalation within the P2 layers at high voltage. is the only signal observed in the 23 Na spectrum collected on sample #1, two peaks are present in the 23 Na spectrum collected on sample #2 (see Fig. 7 ). The low intensity resonance at 1100 ppm in spectrum #2 is consistent with the endof-charge shi expected for the average Na signal in water-free P2 layers (when the P(2b) : P(2d) site occupation ratio is approximately 1 : 1). The lack of a Na signal at 1100 ppm in spectrum #1 suggests that sample #1 is hydrated to a greater extent than sample #2. Of note, the 250 ppm shi does not depend on the Li/Ni/Mn composition, presumably because the expanded P2 layers result in weak TM-Na interactions and/or because the ordering of the metal ions in the TM layers is close to honeycomb-like and Li + /Ni 4+ cations have a similar (zero) contribution to the Na shi. The timescale for water uptake in the 4.4 V charged P2-Na x Li 0.12 Ni 0.22 Mn 0.66 O 2 cathode sample was further investigated with ex situ XRD. The results, shown in Fig. S4 and discussed in greater detail in the ESI, † reveal that a hydrated P2 phase with an interlayer spacing c comprised between 14.4 and 14.7Å rapidly forms in the sample, even when air/moisture exposure is minimized. No hydration peaks were observed in the in situ synchrotron XRD data presented in our previous study, 19 either suggesting that the in situ cell is more airtight than the ex situ cell used here (the Kapton tape is expected to be less effective aer one day), and/or that the water uptake does not occur quickly enough to be monitored in situ. In addition, in situ cells have a greater polarization than the coin cells used to prepare the ex situ XRD and NMR samples. Hence, we speculate that upon charge to 4.4 V, ex situ samples have a lower Na content and are more prone to water uptake than in situ samples.
3 Fig. 9 , while Table S4 in the ESI. † Our previous 7 Li NMR study on P2-Na 0. 8 Fig. 9 . The experimental Ni 2+ BPC is small and positive, while those obtained from rst principles are small and negative. The change in sign may be accounted for by slight differences between the rst principles optimized and experimental structures, as discussed in the ESI. † Although the Mn oxidation state does not change upon electrochemical cycling, a rise in the resonant frequency of the Li(OMn) 6 sites, from ca. 1700 to 1900 ppm, is observed at the end of charge for sample #2. The Mn 4+ -O-Li BPCs computed for a range of Li-Mn bond distances and Li-O-Mn bond angles (see Table S4 †) show that the higher end-of-charge Li(OMn) 6 shi can be accounted for by a decrease in the Mn-Li distance (i.e., a decrease in the a lattice parameter 19 ) upon Ni oxidation. 3.2.4.2. Li in the Na/Li layers (red region). Li in the interlayer space in layered Li/Ni/Mn oxides typically gives rise to shis in the 300-800 ppm range shaded in red in Fig. 8 . [20] [21] [22] [23] [24] The 730 ppm shi observed throughout cycling was previously assigned to an O h site in the Li layers in a Li 2 MnO 3 impurity phase and the 351 ppm shi observed in the pristine spectrum to a distorted T d site in a O2/T2 Li 2 Table S5 in the ESI, † lie within the 358-549 ppm range, strongly suggesting that the experimental peak at 568 ppm can be assigned to O h Li in O2 stacking faults in the asprepared material; the higher experimental shi is presumably due to slight differences in the TM-O-Li pathway geometries between the experimental and relaxed structures and/or the TM congurations selected for the shi calculations. An increase in the NMR signal intensity in the red region of the end-of-charge spectrum (see Fig. 8 ) is indicative of Li migration from the TM layers to the interlayer space, i.e. the formation of O2 stacking faults in the major P2 phase. 19 The extent of Li migration is highly sample-dependent, as demonstrated by the very different signal intensities in the red regions of the spectra acquired on the 4.4 V charged samples #1 and #2. Assuming the Ni 4+ BPCs are zero, end-of-charge Li shis in the range 339-459 ppm are predicted for the O h environments considered in Table S5 , † which is consistent with the increase in NMR signal intensity at ca. 370 ppm for sample #1. 3.2.4.3. Li in hydrated O2 layers (yellow region). The spectra shown in Fig. 7 and 8 reveal that the 250 ppm Na and 100 ppm Li resonances appear at similar stages of cycling, suggesting that the corresponding local environments are structurally related. By analogy with our previous assignment of the high voltage Na data, the low frequency Li shi is assigned to Li in hydrated O2 layers with a larger interlayer spacing. -O-Li BPCs computed for Li in an O h Na layer site in O2-Na 2/3 Ni 1/3 Mn 2/3 O 2 (a hex z b hex z 2.89Å, c ¼ 11.05Å) using the H20 and H35 functionals. The BPCs were scaled using the scaling factors presented in Table S3a † (Mn scaling factors were averaged).
